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COMBATING THE TYRANNY OF SCALE FOR HALIOTIDS:
MICRO-MANAGEMENT FOR MICROSTOCKS

Jeremy Prince

ABSTRACT

Global production of Haliotids (abalone) declined more than 60% since the 1960s
and continues to decline, indicating a failure to manage these resources sustainably.
This paper discusses facets of abalone biology which make sustainable management
problematic. Abalone resources are comprised of many small (100s—1000s m) self-
recruiting microstocks with highly variable sizes-at-maturity. This causes a mis-
match between the scale of management and the scale of component units of stock.
This “tyranny of scale” leaves component microstocks vulnerable to the “tragedy
of the commons” and resources vulnerable to serial depletion despite apparently
rigorous regional scale management. I postulate that beyond abalone, and across a
range of spatial scales, unrecognized spatial complexity compromises monitoring,
assessment, and management in many fisheries. I suggest that a major challenge
for abalone fisheries and the field of fisheries more generally, is to adapt the scale
of fisheries monitoring, assessment, and management to the actual scale of compo-
nent units of stocks, and to mobilize the resources required to adequately address
the global needs of a myriad of microstocks. An increased use of territorially based
fishing rights and a new class of fisheries practitioners are proposed as part of the
answer to this challenge.

Haliotids, or abalone as they are commonly known, are herbivorous mollusks that
graze and catch drift algae in shallow (0-35 m) reef environments around the ma-
jor continents of the world. Abalone are characterized by their ear-like shape and
the row of respiratory pores running round the whorl of the shell. Their fleshy feet
and bowl-like shells have been exploited in many countries since Paleolithic times
(Cox, 1962). Today, about one quarter of the 75 living species are fished commercially
(Mottet, 1978). They are pried or hooked off rocks by divers or waders, and mainly
sold as a luxury item in Chinese and Japanese markets around the world (Tegner,
1989).

GLOBAL TRENDS

The figures produced by FAO on global Haliotid production suggest that global
production peaked in 1968 at 27,600 t yr* (Fig. 1). Soon afterwards production from
the major stocks of California and Mexico declined sharply (Tegner, 1989; Guzman
del Pr6o, 1992). During the late 1970s, Australia began controlling production levels,
and during the 1980s reduced production from around 8000—-5000 t with systems of
individual transferable quotas (ITQ) (Prince and Shepherd, 1992). Despite massive
Japanese investment in stock enhancement, reseeding, and ocean ranching, produc-
tion has slowly declined from 6500 t in 1970 to around 2300 t in 1998 (Saito, 1979,
1984; Mottet, 1980; Kojima, 1995). By the late 1980s, global annual production had
declined to around 15,000 t yr, and by the start of the new millennium, global aba-
lone production was ~10,000 t yr* and still declining.

The decline in global abalone production is indicative of a global failure to sustain
production from wild stocks of abalone, and the continuing failure to significantly
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Figure 1. Global figures for abalone production collated by FAO for 19602000 showing trends
for total production and production by the world’s four major producers; Japan, California, Mex-
ico, and Australia. These data inadequately reflect production by mariculture, and for local con-
sumption, but are still indicative of global production trends.

augment production through mariculture or ocean ranching. In this paper I discuss
the aspects of abalone biology and fisheries ecology that have conspired against sus-
taining abalone production, and propose changes that are needed to reverse current
production trends.

THE FisHERIES ECOLOGY OF ABALONE

In response to concern about stock status during the 1980s, the Australian Com-
monwealth Fishing Industry Research Trust Account (now the Fisheries Research
and Development Corporation) began to support parallel abalone research programs
in the states of South Australia, New South Wales, Victoria, and Tasmania. Together,
these programs described a combination of factors that conspired against sustain-
able abalone production.
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Understanding resulted primarily from the application of shell aging techniques
developed originally in Japan (Prince et al.,, 1988a), and the development of tech-
niques for finding juvenile abalone (Prince and Ford, 1985; Shepherd and Turner,
1985; McShane and Smith, 1988a). These may appear to be basic steps, but until that
time researchers had failed to sample juveniles adequately and it had become an ac-
cepted part of scientific dogma that broadcast spawning by abalone was inefficient
and resulted in relatively few settled juveniles. Recruitment to abalone populations
has often been assumed to normally be low and sporadic (Hayashi, 1980; Sainsbury,
1982a,b; Tegner, 1989). Consequently, abalone populations have been expected
to contain few juveniles, with high “adult-like” survival rates (~0.2 yr?) leading to
the accumulation of long lived adults in abalone stocks (Hayashi, 1980; Sainsbury,
1982a,b; Shepherd et al., 1982; Tegner, 1989).

When reading the literature, however, it must be remembered that even today few
researchers have studied natural populations of juvenile abalone (Prince and Ford,
1985; Shepherd and Turner, 1985; McShane and Smith, 1988a; Prince, 1989; Mc-
Shane, 1992; Day and Shepherd, 1995). Juvenile abalone live cryptically wedged into
reef crevices (which are almost impossible to sample quantitatively) and emerge onto
the surface of the reef as they mature (Prince et al., 1988b). The extent to which
juveniles can be discovered by destruction of the boulder habitat, or any other tech-
nique, is entirely dependent on the geology of the substrate. As discussed below, the
inability to find juveniles has had a pernicious impact on the quality of published
knowledge of abalone, much of which still requires correction.

HIGH JUVENILE MORTALITY RATES

Once juvenile populations were sampled in ways that began to capture their real
abundance (Fig. 2), it became evident that juveniles were extremely abundant relative
to adults, and suffered much higher rates of natural mortality (Prince et al., 1988b).
McShane and Smith (1988a) observed settlement at densities exceeding 10* animals
m~ while Prince et al. (1988b) estimated annual rates of natural mortality during
the first few years of at least 0.8—1.5. As reviewed by Shepherd and Breen (1992), a
mounting body of evidence shows that populations of young abalone are dynamic
and have high rates of turnover. Interestingly, this confirms earlier conclusions of
Hines and Pearse (1982), who observed small populations of young abalone persist-
ing in Monterrey Bay under heavy sea otter predation.

GROWTH STUDIES

The failure of scientific technique extends into the study of abalone growth. Be-
cause of the difficulty of sampling juvenile populations, and an apparent reluctance
to grind shells, most growth studies of wild abalone populations have concentrated
on tagging the emergent sub-adult and adult populations. The data gathered for the
adults is then fitted to von Bertalanffy curves using standard software packages and,
without information to the contrary, the standard practice has been to assume that
t, of the von Bertalanffy equation is zero. The median age of each inferred age classes
has then been extrapolated solely on the basis of adult growth rates.

Studies on juvenile modal progression and direct ageing of shells (Prince et al.,
1988a; Prince, 1989; Nash, 1992) clearly show that abalone growth through life can-
not be described with the von Bertalanffy model. Moreover, ¢, for the von Bertalanffy
equation should be 2—4 yrs. Juvenile growth through to maturity is generally 2—4 yrs
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Figure 2. Length frequency histograms for Haliotis rubra, sampled at Blubber Head, southern
Tasmania in Australia between February 1984 and October 1985. Histograms show that abalone
juveniles are abundant and have high rates of natural mortality compared to adults. This figure is
reproduced from Prince et al. (1988b).

slower than suggested by a von Bertalanffy curve extrapolated back to £ = 0. Abalone
growth is better described with a sigmoid curve, such as the Gompertz model, or
even with a piecewise fit, with linear juvenile growth up to a von Bertalanffy curve
describing adult growth (Fig. 3).

The implication of this is that without good samples of juveniles to allow juvenile
growth to be described accurately many abalone growth studies have underestimated
the age-at-maturity by 2—4 yrs (e.g., Shepherd and Hearn, 1983; Keesing and Wells,
1989; Tegner et al., 1992; Tarr, 1995; Wells and Mulvay, 1995). These mistakes in the
literature are still inflating expectations of productivity for would-be mariculturists,
sea-ranchers, and managers, whilst leading other researchers to doubt the effective-
ness of ageing shells because tagged “ages” cannot be made to agree with a pattern of
ring counts (e.g., McShane and Smith, 1988b).
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Figure 3. Comparative growth curves of Haliotis rubra, at Blubber Head (thin lines) and George
III Rock (thick lines) southeastern Tasmania estimated by Prince (1989). For each site Von Berta-
lanffy curves (dotted lines) estimated from tag return studies of emergent abalone were compared
with alternative curves derived from more complete data (solid lines). The alternative George
IIT Rock growth curve is a Gompertz curve fitted by ageing shells. The alternative Blubber head
curve is a “broken-stick” curve comprised of a straight line fitted to length-at-age data derived
from length-frequency histograms (Fig. 2) for <80 mm size classes and von Bertalanffy param-
eters derived from tag-return data >80 mm. The size and age at the onset and completion of
maturation as derived by Prince (1989) is also indicated for each site (see Fig. 4).

RESTRICTED MOVEMENT AND DISPERSAL

Once juveniles could be found soon after settlement, it was possible to test the
theory that abalone larval dispersal occurred over distances of 70-90 km (Tegner
and Butler, 1985). Manipulating adult densities in wild stocks and examining the
resulting density patterns of recently settled juveniles (Prince et al., 1987, 1988c¢) led
to the conclusion that, like adult movements, larval dispersal is generally limited to
scales of tens to hundreds of meters (McShane et al., 1988; Brown, 1991; Shepherd
and Brown, 1993).

Important implications for the management of wild stocks of abalone flow from
this observation. Specifically, abalone fisheries are not sustained by the single, freely
mixing “units” of stock (Gulland, 1969) assumed by most management and assess-
ment models. Instead they are comprised of many (thousands to tens of thousands)
relatively independent aggregations each of which is a relatively self-recruiting unit,
or microstock. Population exchange occurs between component populations within
the broader meta-population (Shepherd and Brown, 1993) but these exchanges oc-
cur at relatively low rates. Genetic distance is entirely proportional to the distance of
separation even at the smallest scales (Brown, 1991).

In itself this need not be a problem. If microstocks were biologically similar and
fishing pressure was distributed evenly so that fishing mortality was similar for each
microstock, their number and scale would have little implication for assessment and
management (Fukuda, 1973; Garrod, 1973). If this were the case, component mi-
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Figure 4. The relationship between maturity and length for Haliotis rubra, sampled at George 111
Rock (solid line) and Blubber Head (dotted line), southern Tasmania, as derived by Prince (1989).
In combination with Figure 3, these ogives illustrate that maturation in abalone tends to be age-
determined while the size-at-maturity is variable.

crostocks could be managed in aggregate, and regional management should work
irrespective of the small-scale metapopulation structure.

VARIABLE PATTERNS OF GROWTH AND FECUNDITY

Growth is naturally extremely plastic, however, adapting to an extreme range of
local conditions (Leighton and Boolootian, 1963; Sloan and Breen, 1988; Day and
Fleming, 1992). It is highly variable among individuals and populations living short
distances apart (1-1000 m) and across the geographic range of each species. Inter-
estingly, and contrary to general expectation, maturity is principally determined by
age, rather than size (Shepherd and Laws, 1974; Prince, 1989; McShane, 1991; Nash,
1992). Thus, populations of the same species commence breeding at the same age
over broad regions, while the size-at-maturity and maximum size attained varies
widely over all geographic scales.

Figures 3 and 4 illustrate this point for blacklip abalone (Haliotis rubra Leach,
1816) populations ~15 km apart in southeastern Tasmania (Prince, 1989). Notice the
same general shape of the growth curves (Fig. 3) from two nearby locations; relatively
linear or even sigmoidal juvenile growth, slowing gradually with the onset of matu-
rity around 5 yrs old (Fig. 4) and slowing rapidly by 10 yrs old when almost the entire
population is mature (Figs. 3,4). Notice, in particular, the 20 mm size difference in
average maximum size between these two haphazardly selected sites, the implica-
tion of this is that a 132 mm commercial size limit allows the fishery to harvest 7 yr
old abalone on George III Rock while protecting 11 yr old abalone at Blubber Head
(Fig. 3).

My observations suggest size at the onset of maturity for blacklip abalone through
its range down the southeastern coast of Australia varies from around 60-200+ mm;
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size-at-maturity of the paua of New Zealand (Haliotis iris Martyn) varies to a similar
degree (Naylor and Andrew, 2001). This variation is observed as a cline from north to
south in both countries, but also between adjacent sheltered and exposed shorelines.
In contrast to the size-at-maturity, the age of full maturity for each species tends to
be conservative over broad regions.

Commercial divers in every abalone fishery refer to abalone found in high concen-
tration in specific areas as “stunted abalone,” “shorties,” or something similar (Shep-
herd, 1988; Sloan and Breen, 1988; Nash, 1992; Wells and Mulvay, 1995). These are
self-recruiting populations completing their life cycles below the regional minimum
size of capture. The cause of “stunting” is apparently environmentally, mediated by
food abundance and water quality, rather than genetically based. In some cases the
density of the abalone population appears to limit growth and the size-at-maturity
(Emmett and Jamieson, 1988). While poorly documented in the literature, there
are ample anecdotal accounts from the different fisheries of the growth of stunted
stocks being improved through culling, and even a few about the reverse, where clo-
sure to fishing has led to increased population density and the stunting of individual
growth.

Conversely, the original abalone divers in every fishery also talk of “non-recovery
bottom,” or something similar; areas that only supported a few years of fishing before
catches declined to almost nothing. These beds initially supported very high rates
of collection because the entire breeding stock was larger than the minimum legal
size, but the initial biomass and pre-exploitation recruitment was stripped away in
surprisingly few years. The active re-aggregation of abalone around aggregation sites
known by divers harvesting makes harvesting so efficient that, when regional size
limits permit, it is easy and profitable to drive abalone aggregations into local extinc-
tion (Shepherd and Baker, 1998; Shepherd and Rodda, 2001; Shepherd et al., 2001).

The implication of this remarkable plasticity in growth for mariculturists is that
hatchery and mariculture conditions tend to reproduce the conditions (relatively
low water movement, poor diet, crowded conditions, unstable substrate) likely to
produce “stunted” growth patterns, low size-at-maturity, and low average maximum
size. Slow growth rates to a low maximum size are compounded by the fact that,
as described above, natural growth rates are often over-estimated. Together these
factors combine to produce unexpected and unacceptably low production rates of
abalone that are too small and too expensive for the international market. This is
the primary reason for the continuing lack of mass production of abalone through
mariculture.

The plasticity in size-at-maturity, together with the localized scale of larval dis-
persal, also confounds the management and assessment of abalone fisheries. There
was no early appreciation of the extent to which the size-at-maturity varied within
the fisheries. Researchers relied on relatively few tagging studies of emergent adult
populations to establish single jurisdictional size limits which were then applied over
100s to 1000s km of coastline.

HIGHLY AGGREGATED POPULATIONS

At maturity, cryptic abalone emerge out of the interstitial spaces and move into
exposed adult feeding and breeding aggregations on the surface of the reef (Prince,
1989). They do not disperse through their environment, but form dense aggregations
at fixed locations. Typically, across all geographic scales 80% of the abalone stock
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will be found clumped into 20% of the habitat (Prince et al., 1998). At a scale of 100s
to 1000s of meters aggregations are clumped within reef complexes to form self-re-
cruiting populations which are loosely linked within meta-populations (Shepherd
and Brown, 1993) that abalone divers call abalone “beds” or “patches.”

Divers learn by experience the locations of the abalone beds and their component
aggregations (Prince, 1989, 1992). Having learned the location of aggregations, divers
need spend little time searching for abalone because they are able to quickly check
whether or not abalone have re-aggregated before deciding whether to re-harvest
a bed. Consequently, even at the scale of component populations, catch and effort
statistics provide a poor index of searching time and catch remains remarkably pro-
portional to effort. Thus catch rates tend to hyperstability and provide poor indices
of abundance (Prince, 1989, 1992; Prince and Hilborn, 1998).

Abalone emergence from the interstitial spaces within the reef and movement into
aggregation coincides with the onset of maturity, so subject to regional minimum
size regulations, the aggregated breeding stock is extremely vulnerable to fishing
(Prince et al., 1988b; Prince, 1989). In productive, fast growing areas, local popula-
tions of abalone emerge at larger sizes than those in slower growing areas. When
uniform legal minimum sizes are applied across an abalone fishery, slower grow-
ing breeding stocks with relatively small sizes-at-maturity are given greater protec-
tion than more productive stocks with larger sizes-at-maturity (Sluczanowski, 1984,
1986; McShane, 1991).

Unfortunately, fishing pressure concentrates on areas where abalone growth (and
hence, recruitment into the fishery) is faster because, by definition, that is where legal
sized abalone are most easily collected. Those are also the areas where reproductive
potential is least protected. Thus, the least productive “stunted” stocks in “slow-
growth” areas will receive great protection from the regional size limit while nearby
highly productive reefs, where maturation takes place around or above the minimum
size, are depleted. Paradoxically, in this situation a move to protect breeding stock by
increasing a regional minimum size limit can result in increasing the concentration
of fishing pressure on the most productive, fastest growing beds, thereby accelerat-
ing the process of serial depletion (Sluczanowski, 1984; Hilborn and Walters, 1987).

Almost invariably, regional size limits have been set too low; not by mistake, but
because of scientific practice. For logistical reasons, researchers with little apprecia-
tion of the variability of abalone growth, have generally selected relatively sheltered
“stunted” stocks for studies of growth and abundance. The most productive beds
are rarely studied because the rough sea conditions that support high growth rates
and a large size-at-maturity, make these sites impossible to plan research schedules
around. The choice of relatively sheltered research sites, however, has led to legal
minimum size limits that only protect the breeding stock in areas with a low size-at-
maturity. The main commercial beds of both Australia and New Zealand can be, or
have been, fished down to low levels of breeding biomass by regional size limits. The
same selection criteria also bias ongoing abundance surveys in Australia and New
Zealand because population trends monitored in relatively stunted stocks with low
harvest rates and high levels of recruitment are not indicative of the trends observed
more generally through the fisheries.
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DiscussioN

THE TRAGEDY OF THE COMMONS

In a seminal paper Hardin (1968) described the “tragedy of the commons” by which
“each man is locked into a system that compels him to increase his herd without limit
in a world that is limited.” At that time he was discussing human population control,
but noted that it applied generally to the use of most renewable resources including
fisheries. Where access is not controlled, competition between users invariably leads
to unsustainable pressures on a resource. The long-term communal good is sacri-
ficed to short-term individual benefit. Hardin noted that “freedom in a commons
brings ruin to all.”

Since the late 1960s, Australia has led the world in promptly limiting access to
our most valuable marine resources with the aim of preventing the “tragedy of the
commons” diminishing society’s marine wealth (Prince and Shepherd, 1992). By the
mid-1960s, soon after the commercial abalone fishery commenced, most Austra-
lian states had imposed minimum size limits based on the size-at-maturity. Most of
the states limited entry during the late 1960s and early 1970s, capping the number
of commercial abalone divers in Australia to around 345. When recorded annual
catches increased towards a peak of 8200 t in 1985, diver concern prompted the
authorities to introduce individually transferable quota systems (ITQs). Total al-
lowable catches (TACs) are nominally reviewed annually and most Australian states
administer them within at least 2—3 separate zones, each encompassing 100-1000
km of coastline. Most states are introducing more zonal size limits and sanction the
occasional fishing of “stunted stocks.” Formal stock assessments are now published
in every state.

The prompt application of regional size limits, limited entry, and ITQs in Austra-
lia and New Zealand effectively controlled development and stabilized the fishery
(Prince and Shepherd, 1992). Despite the superficial appearance of stability, however,
the “tragedy of the commons” is still occurring at the scale of microstocks.

THE TYRANNY OF SCALE

In haliotid fisheries, management, monitoring, and assessment occur at spatial
scales several orders of magnitude larger than the scale of functional units of stock
(Fig. 5). With regional management, fishing pressure focuses on the most favored mi-
crostocks: those with a high proportion of legal size abalone, those most accessible to
home ports, and those in shallow or relatively sheltered waters. At any point in time,
the lower costs associated with fishing favored areas attracts unsustainable fishing
pressure while less favored reefs may remain lightly exploited. Over time, as favored
microstocks are successively depleted, fishing pressure is reallocated to progressively
deeper, remoter, and less heavily exploited areas, or to progressively more “stunted”
areas, precisely the areas formerly considered too marginal to attract an unsustain-
able level of effort. Serial depletion and local extinctions continue below the scale of
management, while pressure upon the remaining productive beds steadily escalates,
all within the “safe keeping” of a regional quota and minimum size limit. A “tyranny
of scale” prevents otherwise effective management strategies addressing the “tragedy
of the commons.”

The tyranny of scale introduces further complications for stock assessment (Prince,
1989; Prince and Guzman del Préo, 1993). Catch and effort data are generally aggre-
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Figure 5. The tyranny of scale whereby the mismatch between the scale of assessment and man-
agement, and the scale of highly variable functional units of stock, compromises sustainable
management by leaving component units of stock subject to the tragedy of the commons. This
figure is reproduced from Prince et al. (1998).

gated over many (tens to hundreds) microstocks which, as described by Prince and
Hilborn (1998), form a concentration profile. At any point in time there are reefs with
higher and lower catch rates. Favored reefs have lower catch rates while reefs which
are visited infrequently for various reasons (i.e., deeper, exposed coast, far from port,
too many undersize abalone) offer higher catch rates. By influencing the way divers
allocate dive time across the concentration profile of beds, material factors such as
beach price and management regimes, rather than stock abundance, drive regional
catch per unit effort (CPUE) trends (Prince, 1989; Prince and Hilborn, 1998). Thus
CPUE in abalone fisheries tends to be hyperstable at the scale of aggregations and
driven by influences other than stock abundance at the regional level. Nevertheless,
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Figure 6. Abalone catch, effort, and catch rates for Tasmanian statistical block 30 for the period
1975-2000. This figure is reproduced from TAFI (2000).

because research surveys are extraordinarily rare, stock assessment processes re-
main wedded to catch rate data aggregated over tens to hundreds of microstocks.

When surveys of local stocks exist they are normally aggregated over many mi-
crostocks, rather than used as indices of trends in abundances of the surveyed mi-
crostock. This is because the complementary catch data can only be collected on
the larger scale, and there are too few surveys to index a significant proportion of
microstocks. Stock assessments typically interpret trends in an abalone fishery as
the slow decline of a large and unproductive original biomass (Prince and Guzmdan
del Préo, 1993). There is never sufficient fine scale data to show the more likely real-
ity, which is the combination of the disparate trends from many smaller but poten-
tially productive populations and serial depletion of the more productive stock units.
These biases cause the actual level of depletion to be underestimated along with the
aggregate size and productivity of the original resource.
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Two AUSTRALIAN CASE STUDIES

The fishery dynamics that result from these facets of abalone biology can be illus-
trated with two Australian case studies.

St. Helens.—Statistical block 30 of Tasmania was called “The Gardens” by the ap-
proximately 15 commercial abalone divers who lived in the adjacent town of St. Helens
during the late 1970s and 1980s (Prince, 1989). During that period the divers stably
collected 100-150 t yr of blacklip abalone (H. rubra) in the area from 2000-2500
diving hrs yr* (Fig. 6; TAFI, 2000). Immediately prior to the introduction of ITQ
management, however, effort and catch levels briefly doubled and it can be assumed
that this seriously depleted breeding biomass in the area because by 1991 the annual
catch had declined to below 25 t and it has never recovered. Effort also declined by
>90% so catch rates actually rose by 30%—50%, however, only a couple of divers are
now based in St Helens. There have been periodic calls from the Tasmanian abalone
industry for government agencies to reseed “The Gardens” with hatchery produced
juveniles but to date the depletion has not been reversed.

Cape Leeuwin.—Off Cape Leeuwin, Western Australia there is a smaller but simi-
larly productive area of greenlip abalone [Haliotis laevigata (Donovan, 1808)]. In
Figure 7 the original size of the abalone is mapped qualitatively and is indicative of
the original size-at-maturity through the area. The regional size limit had been set
relatively small, preserving 70%—-90% of the breeding biomass on the “small” reefs,
and moderate levels (< 30%) of biomass on the “small to average” sized areas, but
allowing the “average,” “average to large” and “large” growing reefs to be legally de-
pleted to near extinction.

With some intuitive understanding of abalone, the local divers at first maintained
a voluntary minimum size limit considerably above the legal minimum size limit.
Their voluntary size limit preserved 50% of breeding stock on the “average to large”
reefs and limited the extent of “non-recovery bottom.” This agreement stabilized
catches at around 30 t yr during the early 1980s, until a diver began using the legal
size limit and sparked a short-lived competitive gold rush that substantially reduced
breeding stocks on the “average” to “large” reefs. By the early 1990s only “small” and
“small to average” size-at-maturity areas were producing reasonable catches, the re-
mainder had become “non-recovery bottom” and production had fallen to 7 t yr™.

In contrast to St. Helens the decline was reversed at Cape Leeuwin. The divers
who triggered the breakdown of voluntary size limits left the fishery and under their
own leadership the remaining divers began working collaboratively to rehabilitate
the area. Under their “Concept Plan™ (1) brood stock translocations were used to
rehabilitate some areas; (2) divers were organized to insure that each aggregation
was only lightly fished (F ~0.3) once a year; (3) where possible the same diver re-
visited the same aggregations each year and did not re-harvest if the aggregation
had not recovered from the previous years fishing; (4) voluntary flexible size limits
were instituted (above the legal minimum size limit) whereby each diver evaluated
the size-at-maturity in each aggregation on the basis of shell shape and appearance
and only harvested those abalone. Through this plan, production from the Augusta
region was rebuilt to > 30 t yr™ by 2001.

Abalone Gardens.—While many localized “one-way” depletions similar to St. Hel-
ens could be cited, the example of Cape Leeuwin where a large abalone bed has been
rehabilitated is to my knowledge unique. Such rehabilitation does not normally oc-
cur because the organizational capacity required to voluntarily implement a complex
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Figure 7. A map of the abalone beds around Cape Leeuwin, Western Australia, prepared in col-
laboration with the first commercial abalone divers to fish the area. The memory of the divers,
together with aerial photography and ground-truthing dives were used to qualitatively map the
original “unfished” size distribution of abalone as either small, small to average, average, average
to large, or large, which is taken to be indicative of the size-at-maturity. This figure is reproduced
from Prince (2003).

of reef-by-reef size limits, quotas, translocations, and closures, is generally beyond
competing divers. The “tragedy of the commons” socially constrains people so that
they act against the long-term communal good for short-term personal profit. In the
abalone fishery this means “If I don't strip the last few mature abalone from that ag-
gregation site the next diver will.” Hardin (1968) argued that the “tragedy of the com-
mons” does not have a technical solution, rather it is a social issue requiring society
to change and develop new patterns of behavior.

Sustaining and optimizing haliotid production requires maintaining productive
breeding stocks in all areas; basically, size and catch limits for each aggregation. Re-
introducing and re-building breeding aggregations restores productivity. The tech-
nology and knowledge required are simple but the small scale of action required is
below the capacity of governments to legislate. The divers themselves are capable
of assessing and managing abalone reefs at the small scale required, but currently
they have little incentive to sustain and rehabilitate local stocks because there is no
secure reward for voluntary long-term good behavior. Their role needs to be devel-
oped beyond being marine hunters, competing amongst themselves, and “bringing
ruin to all.” Through motivation and self-interest divers must be included within the
process, and must become marine gardeners, cooperatively tending and harvesting
abalone gardens. They are needed as resource surveyors, assessors, managers, and
harvesters.
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With species subject to the tyranny of scale, some form of territorial user rights
fishery (TURF) or customary marine tenure (CMT) can provide the motivation and
control needed for local communities and individuals to manage local resources
(Orensanz and Jamieson, 1998; Prince et al., 1998). TURFs have considerable pre-
cedence. In Europe and North America, many stocks of inter-tidal bivalves are
managed as private property and it has been found that this approach maximizes
production and minimizes the need for surveillance and enforcement (Beattie et al.,
1982; Bourne, 1986).

Japanese Prefectures continue to manage their own fisheries on a basis of local cor-
porate ownership of an area of fishing ground (Mottet, 1980). Despite the ongoing
slow decline of Japanese abalone catches in recent times, the relative stability of Japa-
nese commercial catches over 400 yrs suggests that local communities of Japanese
fishers have had considerable success in managing their abalone stocks sustainably.

Most marine resources were managed as territorial rights by the traditional societ-
ies of Oceania (Ruddle and Johannes, 1983). The displacement of traditional TURF
type management and the introduction of a law of the commons framework are en-
couraging the use of destructive fishing practices (poisons and dynamite). The power
of villages, clans, and chiefs to control their own fishing reefs is eroded while the
governmental authorities, which nominally take control, lack sufficient resources to
monitor, manage, or enforce (Johannes, 1992; De Allessi, 1997). A notable exception
to this trend is described by Johannes (1998a) in Vanuatu where a local fisheries
biologist began working directly with one community to develop village based man-
agement for local trochus snail stocks. The success of this experiment, its rapid and
spontaneous adoption by other villages, and application to a range of other species,
demonstrate the power for self-organization that can be unleashed if individuals and
small local groups are empowered.

Similarly, a form of TURF management was implemented in 1992 for all Chilean
diving-based benthic fisheries (Castilla et al., 1998). The most valuable species in the
assemblage now being managed by local cooperatives, or caletas, is the gastropod
Concholepas concholepas (Bruguiére, 1789), also called loco, the Chilean abalone.
The Chilean experience has demonstrated the powerful self-organizing nature of
TURF management. Some caletas successfully claimed exclusive access to their own
areas and then failed to improve management, but the few that had initial success
have proved to be the most powerful influence on the system, providing working
examples to which other caletas have aspired, and imitated.

The recent experiences of Chile (Castilla et al., 1998) and Vanuatu (Johannes,
1998a) demonstrate the “learning by doing” approach to management (Walters and
Holling, 1990) that local communities and individuals adopt when given local re-
source ownership.

NEEDS AND RESOURCES

The tyranny of scale is not confined to abalone fisheries but is observed widely
across the world’s fisheries. Many benthic invertebrate and tropical reef fisheries
have the same intricate small-scale stock structure (Orensanz and Jamieson, 1998).
At larger scales, teleost and shark fisheries with multiple breeding stocks (Walters
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and Cahoon, 1985; Bell et al., 1992; Maurstad and Sundet, 1998; Punt et al., 2000) are
all subject to tyrannies of scale effects. I believe that with increasing knowledge, we
will find this be the norm rather than the exception.

Dispersal and movement are complex phenomena. Species and populations
maintain a range of differing behaviors (e.g., McDowall, 2001). Invariably, a few in-
dividuals move long distances in contrast to the majority behavior. Such minority
behavior is vital for colonizing new habitat over geological and evolutionary time
frames. Without it, natural processes that create and destroy habitat, like sea level
changes, would drive many species to extinction. We have tended to link the scale of
functional stocks to the maximum distances moved by a species, the longest tagging
movements, or the scale of genetic isolation. For management purposes, however, the
shorter “normal” distances moved within one or two fishing seasons best indicate
the most appropriate scales of functional units for management of a fishery.

The world’s fisheries contain a myriad of microstocks, but research and scientific
understanding has focused on the conspicuous offshore industrial scale fisheries
(Orensanz and Jamieson, 1998). Unfortunately, the technical challenge of managing,
monitoring, and assessing the earth’s fish stocks is proportional to the number of
functional units, not their size or value. Likewise, the cost of the required research,
monitoring, and management is not strongly linked to the value of resources, but
is more clearly related to the number of units involved. Larkin (1997) had a rule of
thumb: that the cost of research and management cannot sustainably exceed 10%—
20% of the value of the fishery, but when the cost of a single researcher with govern-
ment overheads approaches US$100,000 yr, what does one do with a fishery that is
worth < US$500,000 yr but is comprised of a multitude of microstocks?

The role of central government is shrinking, not expanding, as taxpayers demand
leaner smaller governments. There are simply too many microstocks scattered across
too much area to be surveyed, and too many stock assessments needing develop-
ment; and not enough taxpayers to pay for it all.

Assuming that the nature of property rights in fisheries can be extended to making
more use of territorially based fishing rights: who will service the technical needs of
all those local stakeholders wanting to monitor and manage their own microstocks?
Not the existing universities and governmental agencies funded by shrinking central
governments.

AGENTS OF CHANGE

In the 1950s, China must have faced a similar looking national health problem.
Medical skills were required in every village through country but there was a critical
shortage of trained doctors. China responded with the barefoot doctor campaign.
Not more surgeons and fully trained doctors, but low cost, generalist, medicos
trained to go out and deal with all the basic village ailments.

Similarly we can visualize the role of “barefoot ecologists” (Prince, 2003) and can
already see the first pioneering practitioners in the field. Barefoot ecologists need to
be pragmatic, integrated generalists —ethno-socio-quantitative fisheries ecologists,
holistically skilled in the multiple disciplines required to work effectively with mi-
crostocks and diverse fishing communities. Over long time frames they will act as
agents of change in local communities, catalyzing social development and building
social capital within fishing communities. Barefoot ecologists will facilitate the de-



572 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

velopment of social structures that foster community-based management, and work
to motivate and empower fishers and their communities to research, monitor, and
manage their own local resources.

Starting with each local resource and community as an expert in data-less man-
agement (Johannes, 1998b), the barefoot ecologist gleans local knowledge and reads
the comparative literature to develop recommendations of sensible “rule-of-thumb”
management. Their core business in each situation will also involve initiating long-
term community-based monitoring systems to start developing time series of ba-
sic data, and formalizing simple agreed initial resource assessments. Implementing
simple management reforms and monitoring systems will bond a barefoot ecologist
with a community of fishers and establish the long-term context for providing the
expertise needed to update assessments, and facilitate community dialogue about
alternative management strategies. Working organically with local resource users, a
growing army of barefoot ecologists, each with a portfolio of clients, could hope to
extend sustainable practices across the world’s oceans and seas.

None of this is meant to suggest a reduced role for government agencies or aca-
demic institutions in the field of fisheries science and management. It is a call for
clearer thinking about differing but complementary roles. Government agencies need
to develop legislation that supports the evolution of social systems, like TURF and
CMT, which encourage sustainable small-scale behavior. Government also needs to
legislate to protect broader “non-fishing” community approved standards, providing
for checks and balances, and establishing auditing procedures. Specialized expertise
will always be needed to train and equip barefoot ecologists and research agencies
and universities will still need to discover and publish novel scientific knowledge,
and develop innovative techniques and tools for practitioners to use (Prince, 2003).

CONCLUSIONS

The inability to adequately sample juvenile abalone populations has seriously
compromised much of the published research, confusing studies of growth, ageing,
mortality, and recruitment. Where this weakness has been overcome, abalone re-
sources have been revealed as spatially complex patterns of relatively self-recruiting
microstocks with highly variable growth rates and sizes-at-maturity. The small scale
of these microstocks and sheer number of management units present specific prob-
lems to centralized fisheries research and management agencies.

While I have illustrated these ideas by reference to abalone it is my belief that over a
range of scales they are generally applicable to most sedentary invertebrates, and for
many teleosts and chondrichthyans. I expect that as our knowledge of stock struc-
ture matures, small-scale population structure and self-recruiting microstocks will
prove to be surprisingly common through the world’s fisheries resources. My belief is
that most, if not all, species exist in complexes of microstocks or meta-populations,
although the scale of the microstocks meta-population varies enormously among
species. Haliotids clearly operate at some of the smallest scales, but I believe as a gen-
eral rule, population dynamics operate over smaller scales, while species maintain a
long-term dispersal capacity needed for gene flows and colonization.

It is also my belief that the variability in growth and size-at-maturity documented
for abalone will also prove to be common among component microstocks of many
species, rendering them vulnerable to tyranny of scale effects. Moreover, it is also
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likely that natural mortality regimes and stock-recruitment relationships commonly
vary among microstocks of many species. It is probably a reflection on the quality of
our research (relatively few studies of basic population parameters for each species,
inadequate sampling of cryptic life stages, and insufficient ageing studies, etc.) that
obscures this natural variability in most species.

The challenge with these spatially structured resources is firstly, to adapt tech-
niques for data collection, stock assessment, and management, from scales of hun-
dreds to thousands of kilometers down to scales of tens to hundreds of meters for
abalone, and secondly, to find the resources needed to apply these techniques across
a multitude of microstocks. I argue that harnessing the motivated behavior of fishers
by making greater use of territorially based fishing rights will be essential to address-
ing this challenge. I also believe a new class of practitioners in the field of fisheries
science will be essential to answer the many technical needs of local fishers, their
communities, and their TURF.

LITERATURE CITED

Beattie, J. H., D. McMillan, and L. Wiegardt. 1982. The Washington state oyster industry: a
brief overview. Pages 28-38 in K. K. Chew, ed. Proc. North American Oyster Workshop.
World Mariculture Society, Spec. Publ. 1. Louisiana State University Press, Baton Rouge.

Bell, . D.,J. M. Lyle, C. M. Bulman, K. J. Graham, G. M. Newton, and D. C. Smith. 1992. Spatial
variation in reproduction and occurrence of non-reproductive adults in orange roughy,
Hoplostethus atlanticus Collett (Trachichthyidae), from south-eastern Aust. J. Fish Biol.
40:107-122.

Bourne, N. 1986. Bivalve fisheries: Their exploitation and management with particular refer-
ence to the Northeast Pacific Region. Pages 2—13 in G. S. Jamieson and N. Bourne, eds.
North Pacific Workshop Stock Assessment Management Invertebrates. Can. Spec. Publ.
Fish. Aquat. Sci. 92. Dept. of Fisheries and Oceans, Ottawa.

Brown, L. D. 1991. Genetic variation and population structure in the Blacklip abalone Haliotis
rubra. Aust. J. Mar. Freshw. Res. 42: 77-90.

Castilla, J. C., P. Manriquez, J. Alvarado, A. Rosson, C. Pino, C. Espoz, D. Oliva, and C. Defeo.
1998. Artisanal ‘Caletas’ as units of production and co-managers of benthic invertebrates
in Chile. Pages 407—413 in G. S. Jamieson and A. Campbell, eds. Proc. North Pacific Symp.
Invertebrate Stock Assessment Management. Can. Spec. Publ. Fish. Aquat. Sci. 125. NRC
Research Press, Ottawa.

Cox, K. W. 1962. Californian abalones, family Haliotidae. Fish Bull. Calif. Dep. Fish Game 118:
1-131.

Day, R. W. and A. E. Fleming. 1992. The determinants and measurement of abalone growth.
Pages 141-68 in S. A. Shepherd, M. J. Tegner, and S. A. Guzman del Préo, eds. Abalone of
the world: biology, fisheries and culture. Proc. 1st Int. Symp. Abalone, La Paz. Fishing News
Books: Blackwell Scientific Publications, Cambridge.

and S. A. Shepherd. 1995. Fisheries biology and ecology of abalone — introduction.
Mar. Freshw. Res. 46: R3—-R5

De Allessi, M. 1997. Holding out for some local heroes. New Sci. 8: 46.

Emmett, B. and G. S. Jamieson. 1988. An experimental transplant of northern abalone, Haliotis
kamtschatkana, in Barkley Sound, British Columbia. Fish. Bull. 87: 95-104.

Fukuda, Y. 1973. A gap between theory and practice. J. Fish. Res. Bd. Can. 30: 1986—-1991.

Garrod, D. J. 1973. Management of multiple resources. J. Fish. Res. Bd. Can. 30: 1977-1985.

Gulland, J. A. 1969. Manual of methods for fish stock assessment. Part 1. Fish population analy-
sis. E.A.O. Man. Fish. Sci. 4: 154 p.



574 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Guzman del Préo, S. A. 1992. A review of the biology of abalone and its fishery in Mexico.
Pages 341-350 in S. A. Shepherd, M. J. Tegner, and S. A. Guzman del Préo, eds. Abalone of
the world: biology, fisheries and culture. Proc. 1st Int. Symp. Abalone, La Paz. Fishing News
Books: Blackwell Scientific Publications, Cambridge.

Hardin, G. 1968. The tragedy of the commons. Science 162: 1243—-1248.

Hayashi, I. 1980. Structure and growth of a shore population of the ormer, Haliotis tuberculata.
J. Mar. Biol. Assoc. U.K. 60: 431-430.

Hilborn, R. and C. J. Walters. 1987. A general model for simulation of stock and fleet dynamics
in spatially heterogeneous fisheries. Can. J. Fish. Aquat. Sci. 44: 1366—1369.

Hines, A. H. and J. S. Pearse. 1982. Abalones, shells, and sea otters: dynamics of prey popula-
tions in central California. Ecology 63: 1547-1560.

Johannes, R. E. 1992. Sixth FFA technical subcommittee workshop focus: decentralized near-
shore fisheries management in Oceania. Sixth Forum Fisheries Agency Committee, Ho-
niara.

. 1998a. Government-supported, village based management of marine re-
sources in Vanuatu. Ocean Coast. Manage. 40: 165-186.

. 1998b The case for data-less marine resource management: examples from
tropical nearshore finfisheries. Trends Ecol. Evol. 13: 243-246.

Keesing, J. K. and F. E. Wells, 1989. Growth of the abalone Haliotis roeii Gray. Aust. J. Mar.
Freshw. Res. 40: 199-204.

Kojima, H. 1995. Evaluation of abalone stock enhancement through the release of hatchery-
reared seeds. Pages 689—695 in S. A. Shepherd, R. W, Day, and A. ]. Butler, eds. Progress in
abalone fisheries research. Mar. Freshw. Res. 46. CSIRO, East Melbourne.

Larkin, P. A. 1997. The costs of fisheries management information and fisheries research. Pages
713-718 in D. A. Hancock, D. C. Smith, A. Grant, and J. P. Beumer, eds. Developing and
sustaining world fisheries resources: the state of science and management. Proc. 2" World
Fisheries Congress, Brisbane. CSIRO Publishing, Melbourne.

Leighton, D. L. and R. A. Boolootian. 1963. Diet and growth in the black abalone, Haliotis
cracherodii. Ecology 44: 227-38.

Maurstad, A. and J. H. Sundet, 1998. The invisible cod; fishermen’s and scientists’ knowledge.
Pages 167—185 in S. Jentoft, ed. Commons in cold climate: reindeer pastoralism and coastal
fisheries. Parthenon Publishing, Carnforth.

McDowall, R. M. 2001. Anadromy and homing: two life-history traits with adaptive synergies
in salmonid fishes? Fish Fish. 2: 78—-85.

McShane, P. E. 1991. Exploitation models and catch statistics of the Victorian fishery for aba-
lone Haliotis rubra. Fish. Bull. 90: 139—146.

. 1992. Early life history of abalone: a review. Pages 120-138 in S. A. Shepherd,
M. J. Tegner, and S. A. Guzman del Préo, eds. Abalone of the world: biology, fisheries and
culture. Proc. 1st Int. Symp. Abalone, La Paz. Fishing News Books: Blackwell Scientific
Publications, Cambridge.

, K. P. Black, and M. G. Smith. 1988. Recruitment processes in Haliotis rubra
Leach (Mollusca: Gastropoda) and regional hydrodynamics in southeastern Australia im-
ply localized dispersal of larvae. J. Exp. Mar. Biol. Ecol. 124: 175-203.

and M. G. Smith. 1988a. Measuring abundance of juvenile abalone Haliotis ru-
bra Leach (Gastropoda: Haliotidae); Comparison of a novel method with two other meth-
ods. Aust. J. Mar. Freshw. Res. 39: 331-336.

and . 1988b. Shell growth checks are unreliable indicators of age
in abalone (Haliotis rubra) (Mollusca: Gastropoda). Aust. J. Mar. Freshw. Res. 43: 1215—
1219.

Mottet, M. G. 1978. A rview of the fishery biology of abalones. Washington Department of
Fisheries. Tech. Rep. 37: 1-81.

. 1980. Factors leading to the success of Japanese aquaculture with an emphasis
on northern Japan. Wash. Dep. Fish. Tech. Rep. 63: 1-106.




PRINCE: MICRO-MANAGEMENT OF HALIOTIDS 575

Nash, W. J. 1992. An evaluation of egg-per-recruit analysis as a means of assessing size limits
for blacklip abalone (Haliotis rubra) in Tasmania. Pages 318-338 in S. A. Shepherd, M.
J. Tegner, and. S. A. Guzmadn del Préo, eds. Abalone of the world: biology, fisheries and
culture. Proc. 1st Int. Symp. Abalone, La Paz. Fishing News Books: Blackwell Scientific
Publications, Cambridge.

Naylor, R. and N. Andrew. 2001 Paua — is the current size limit always appropriate? A case
study at Taranaki and Banks Peninsula suggests not. Seafood New Zealand. Vol. 9. No. 6:
33. New Zealand Seafood Industry Council, Wellington.

Orensanz, J. M. and G. S. Jamieson. 1998. The assessment and management of spatially struc-
tured stocks: an overview of the North Pacific Symp. Invertebrate Stock Assessment Man-
agement. Pages 441-459 in G. S. Jamieson and A. Campbell, eds. Proc. North Pacific Symp.
Invertebrate Stock Assessment Management. Can. Spec. Publ. Fish. Aquat. Sci. 125. NRC
Research Press, Ottawa.

Prince, J. D. 1989. The fisheries biology of the Tasmanian stocks of Haliotis rubra. Ph.D. thesis.
Univ. Tasmania, Hobart. 174 p.

. 1992. Using a spatial model to explore the dynamics of an exploited stock of the
abalone Haliotis rubra. Pages 305-317 in S. A. Shepherd, M. J. Tegner, and. S. A. Guzman
del Préo, eds. Abalone of the world: biology, fisheries and culture Proc. 1st Int. Symp. Aba-
lone, La Paz. Fishing News Books: Blackwell Scientific Publications, Cambridge.

. 2003. The barefoot ecologist goes fishing. Fish Fish. 4: 359-371.

and W. B. Ford. 1985. Use of anaesthetic to standardize efficiency in sampling ab-
alone populations (genus Haliotis; Mollusca; Gastropoda). Aust. J. Mar. Freshw. Res. 36:
701-706.

and S. A. Guzman del Préo. 1993. A stock reduction analysis of the Mexican aba-
lone (Haliotid) fishery. Fish. Res. 16: 25-49.

and R. Hilborn. 1998. Concentration profiles and invertebrate fisheries manage-
ment. Pages 187-196 in G. S. Jamieson and A. Campbell, eds. Proc. North Pacific Symp.
Invertebrate Stock Assessment Management. Can. Spec. Publ. Fish. Aquat. Sci. 125. NRC
Research Press, Ottawa.

and S. A. Shepherd. 1992. Australian abalone fisheries and their management.
Pages 407-426 in S. A. Shepherd, M. J. Tegner, and S. A. Guzman del Préo, eds. Abalone of
the world: biology, fisheries and culture. Proc. 1st Int. Symp. Abalone, La Paz. Fishing News
Books: Blackwell Scientific Publications, Cambridge.

, T. L. Sellers, W. B. Ford, and S. R. Talbot. 1987. Experimental evidence for limited
dispersal of haliotid larvae (genus Haliotis: Mollusca: Gastropoda). J. Exp. Mar. Biol. Ecol.
106: 243-263.

, and . 1988a. A method for ageing the abalone
Haliotis rubm Leach (Mollusca: Gastropoda). Aust. J. Mar. Freshw. Res. 39: 167-175.
, , , and . 1988b. Recruitment, growth, mortality

and population structure in a southern Australian population of Haliotis rubra (genus Hali-
otis ; Mollusca : Gastropoda). Mar. Biol. 100: 75-82.

, , , and . 1988c. Confirmation of a relationship
between the localized abundance of breeding stock and recruitment for Haliotis rubra
Leach (Mollusca: Gastropoda). J. Exp. Mar. Biol. Ecol. 122: 91-104.

, C. Walters, R. Ruiz-Avila, and P. Sluczanowski. 1998. Territorial user’s rights in the
Australian abalone fishery. Pages 367—375 in G. S. Jamieson and A. Campbell, eds. Proc.
North Pacific Symp. Invertebrate Stock Assessment Management. Can. Spec. Publ. Fish.
Aquat. Sci. 125. NRC Research Press, Ottawa.

Punt, A. E, F. Pribac, T. I. Walker, B. L. Taylor, and J. D. Prince. 2000. Stock assessment of school
shark, Galeorhinus galeus, based on a spatially explicit dynamics model. Mar. Freshw. Res.
51: 205-220.

Ruddle, K. and R. E. Johannes, eds. 1983. Traditional marine resource management in the Pa-
cific Basin: an anthology. UNESCO/ROSTSEA Jln. M. H. Thamrin No. 14 Jakarta. 410 p.




576 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Sainsbury, K. J. 1982a. Populations dynamics and fishery management of the paua, Haliotis iris.
L. Populations structure, growth, reproduction, and mortality. N.Z. J. Mar. Freshw. Res. 16:
147-161.

. 1982b. Populations dynamics and fishery management of the paua, Haliotis
iris. II. Dynamics and management as examined using a size class population model. N.Z.
J. Mar. Freshw. Res. 16: 163—-173.

Saito, K. 1979. Studies on the propagation of Ezo abalone, Haliotis discus hannai Ino — Analysis
of the relationship between transplantation and catch in Funka Bay Coast. Bull. Jap. Soc.
Sci. Fish. 45: 695-704.

. 1984. Ocean ranching of abalones and scallops in northern Japan. Aquaculture 39:
361-373.
Shepherd, S. A. 1988. Studies on southern Australian abalone (Genus Haliotis). VIII. Growth
of juvenile H. laevigata. Aust. ]. Mar. Freshw. Res. 39: 177-83.
and J. L. Baker. 1998. Biological reference points in an abalone (Haliotis laevi-
gata) fishery. Pages 235-245 in G. S. Jamieson and A. Campbell, eds. Proc. North Pacific
Symp. Invertebrate Stock Assessment Management. Can. Spec. Publ. Fish. Aquat. Sci. 125.
NRC Research Press, Ottawa.
and P. A. Breen. 1992. Mortality in abalone: its estimation, variability and
causes. Pages 276-304 in S. A., Shepherd, M. J. Tegner, and S. A. Guzman del Préo, eds.
Abalone of the world: biology, fisheries and culture. Proc. 1st Int. Symp. Abalone, La Paz.
Fishing News Books: Blackwell Scientific Publications. Cambridge.
and L. D. Brown. 1993. What is an abalone stock: Implications for the role of
refugia in conservation. Can. J. Fish. Aquat. Sci. 50: 2001-20009.
and W. S. Hearn. 1983. Studies on southern Australian abalone (Genus Hali-
otis), IV. Growth of H. laevigata and H. ruber. Aust. ]. Mar. Freshw. Res. 34: 462—475.
and H. M. Laws. 1974. Studies on southern Australian abalone (Genus Haliotis),
II. Reproduction of five species. Aust. J. Mar. Freshw. Res. 25: 49-62.
and K. R. Rodda. 2001. Sustainability demands vigilance: Evidence for serial
decline of the greenlip abalone fishery and a review of management. J. Shellfish Res. 20:
829-841.
and J. A. Turner. 1985. Studies on southern Australian abalone (genus Haliotis).
VI. Habitat preference, abundance and predators of juveniles. J. Exp. Mar. Biol. Ecol. 93:
285-298.
, G. P. Kirkwood, and R. L. Sandland. 1982. Studies on southern Australian aba-
lone (genus Haliotis). III. Mortality of two exploited species. Aust. J. Mar. Freshw. Res. 33:
265-272.
, K. R. Rodda, and K. M. Vargas. 2001. A chronicle of collapse in two abalone
stocks with proposals for precautionary management. J. Shellfish Res. 20: 843—-856.

Sloan, N. A. and P. A. Breen. 1988. Northern abalone, Haliotis kamtschatkana: fisheries and
synopsis of life history information. Can. Spec. Publ. Fish. Aquat. Sci. 103. NRC Research
Press, Ottawa. 46 p.

Sluczanowski, P. R. 1984. A management orientated model of an abalone fishery whose sub-
stocks are subject to pulse fishing. Can. J. Fish. Aquat. Sci. 41: 1008-1014.

. 1986. A disaggregate model for sedentary stocks: the case of South Austra-
lian abalone. Pages 393—401 in G. S. Jamieson and N. Bourne, eds. North Pacific Workshop
Stock Assessment Management Invertebrates. Can. Spec. Publ. Fish. Aquat. Sci. 92. Dept.
of Fisheries and Oceans, Ottawa.

TAFL 2000. Abalone fishery assessment 2000. Tasmanian Aquaculture and Fisheries Institute
fishery assessment report. TAFI, Hobart TAS. 104 p.

Tarr, R. J. Q. 1995. Growth and movement of the South African abalone Haliotis midae: A re-
assessment. Pages 583—-590 in S. A. Shepherd, R. W. Day, and A. J. Butler, eds. Progress in
abalone fisheries research. Mar. Freshw. Res. 46. CSIRO, East Melbourne.



PRINCE: MICRO-MANAGEMENT OF HALIOTIDS 577

Tegner, M. J. 1989. The California abalone fishery: production, ecological interactions, and
prospects for the future. Pages 401-420 in J. F. Caddy, ed. Marine invertebrate fisheries.
Wiley Interscience Publications, New York.

and R. A. Butler. 1985. Drift-tube study of the dispersal potential of green aba-
lone (Haliotis fulgens) larvae in the southern California Bight: implications for recovery of
depleted populations. Mar. Ecol. Prog. Ser. 26: 73—84.

, J. D. DeMartini, and K. A. Karpov. 1992. The California red abalone fishery: a
case study in complexity. Pages 370-383 in S. A. Shepherd, M. J. Tegner, and S. A. Guzman
del Préo, eds. Abalone of the world: biology, fisheries and culture. Proc. 1st Int. Symp. Aba-
lone, La Paz. Fishing News Books: Blackwell Scientific Publications, Cambridge.

Walters, C.J. and P. Cahoon. 1985. Evidence of decreasing spatial diversity in British Columbia
salmon stocks. Can. J. Fish. Aquat. Sci. 42: 1033—-1037.

and C. S. Holling. 1990. Large-scale management experiments and learning by
doing. Ecology 71: 2060—2068.

Wells, F. E. and P. Mulvay. 1995. Good and bad fishing areas for Haliotis laevigata: A compari-

son of population parameters. Mar. Freshw. Res. 46: 591-598.

ADDRESS: Biospherics P/L, P.O. Box 168, South Fremantle, WA 6162, Australia E-mail:

<biospherics@ozemail.com.au>.






